Right ventricular dysfunction in children and adolescents conceived by assisted reproductive technologies. ductive technologies (ART) predispose the offspring to vascular dysfunction, arterial hypertension, and hypoxic pulmonary hypertension. Recently, cardiac remodeling and dysfunction during fetal and early postnatal life have been reported in offspring of ART, but it is not known whether these cardiac alterations persist later in life and whether confounding factors contribute to this problem. We, therefore, assessed cardiac function and pulmonary artery pressure by echocardiography in 54 healthy children conceived by ART (mean age 11.5 Ϯ 2.4 yr) and 54 age-matched (12.2 Ϯ 2.3 yr) and sexmatched control children. Because ART is often associated with low birth weight and prematurity, two potential confounders associated with cardiac dysfunction, only singletons born with normal birth weight at term were studied. Moreover, because cardiac remodeling in infants conceived by ART was observed in utero, a situation associated with increased right heart load, we also assessed cardiac function during high-altitude exposure, a condition associated with hypoxic pulmonary hypertension-induced right ventricular overload. We found that, while at low altitude cardiac morphometry and function was not different between children conceived by ART and control children, under the stressful conditions of high-altitude-induced pressure overload and hypoxia, larger right ventricular end-diastolic area and diastolic dysfunction (evidenced by lower E-wave tissue Doppler velocity and A-wave tissue Doppler velocity of the lateral tricuspid annulus) were detectable in children and adolescents conceived by ART. In conclusion, right ventricular dysfunction persists in children and adolescents conceived by ART. These cardiac alterations appear to be related to ART per se rather than to low birth weight or prematurity. fetal programming; cardiac function; assisted reproductive technologies; in vitro fertilization * U. Scherrer and S. Rimoldi contributed equally to this work.
IN ANIMALS AND HUMANS adverse events during early life cause alterations of cardiovascular function (12, 34, 40) that are associated with increased cardiovascular risk later in life (5) , and the term fetal programming of cardiovascular disease has been coined to describe this problem. Assisted reproductive technologies (ART) represent an important example of fetal programming (37) , as evidenced by systemic and pulmonary vascular dysfunction (42) and arterial hypertension (7) in children conceived by ART and premature vascular aging, arterial hypertension, and shortened life span in ART mice (35) . Very recently, cardiac remodeling in utero that persists into early postnatal life has been demonstrated in children conceived by ART (43) . However, it is not known how this cardiac dysfunction evolves and whether confounding factors contribute to this problem.
We speculated that, in children conceived by ART, right ventricular (RV) dysfunction persists and is related to ART per se, rather than to prematurity or low birth weight. To test this hypothesis, we assessed cardiac function in healthy children and adolescents conceived by ART and age-and sex-matched control children. Because ART is associated with an increased prevalence of prematurity and low birth weight (10) , two possible confounders known to be associated with cardiac remodeling and dysfunction (8, 20, 21) , we studied only singletons born at term with normal birth weight. Moreover, because cardiac remodeling in children conceived by ART was observed in utero, a situation associated with increased right heart load, we also assessed cardiac function during highaltitude exposure, a condition associated with hypoxic pulmonary hypertension-induced RV overload (3, 4) .
MATERIALS AND METHODS
Study subjects and protocol. We studied 54 healthy children and adolescents conceived by ART (mean age 11.5 Ϯ 2.4 yr; range 7-18 yr) and 54 age-matched (mean age 12.2 Ϯ 2.3 yr; range 7-17 yr) and sex-matched controls ( Table 1) .
ART participants were selected by one of us (M. Germond), who performed all the procedures. Inclusion criteria were as follows: singleton, born at term (Ͼ37 wk gestational age) with normal birth weight (Ͼ2,500 g), at the end of a normal pregnancy without any complications during the perinatal period. Exclusion criteria included any acute disease or medical treatment and high-altitude (i.e., Ͼ2,500 m) exposure during the 3 mo preceding the study. All parents provided written informed consent. The study was approved by the institutional review boards on human investigation of the Universities of Bern and Lausanne and was registered (Clinical Trials Gov Registration no. NCT00837642). Children conceived by ART fulfilling the inclusion criteria were contacted by letter, and those agreeing to participate were included in the study. Control children were recruited by the families of the children conceived by ART to ensure comparable socioeconomic background. None of the children suffered from congenital heart disease. Among the children conceived by ART, 24 were conceived by in vitro fertilization and 30 by intracytoplasmic sperm injection.
The echocardiographic examination at low altitude was performed at the University Hospital in Bern, Switzerland (550 m). Representative (age, 11.3 Ϯ 2.5 vs. 10.8 Ϯ 2.1 yr, P ϭ 0.40, ART vs. control; body surface area, 1.4 Ϯ 0.3 vs. 1.3 Ϯ 0.2 m 2 ; P ϭ 0.22, ART vs. control) subgroups (n ϭ 30 each) of children conceived by ART and control children were also studied at high altitude. The children ascended by a 2.5-h train ride to the high-altitude research station Jungfraujoch, Switzerland at 3,454 m and spent 2 days and 2 nights at this laboratory. During the stay, all participants received the same diet, and care was taken to assure adequate fluid intake. Measurements were performed on the morning before descent (i.e., ϳ40 h after arrival at the high-altitude research station).
Echocardiographic exam. Echocardiographic recordings were obtained in the left lateral position using an Acuson Sequoia 512 ultrasound system (Acuson, Mountain View, CA), equipped with a 4V1c adult and a 7V3c pediatric transducer with an integrated color Doppler system (3.6 or 6.0 MHz for pulsed and 2.15 or 3.6 MHz for continuous-wave Doppler recording). Tricuspid regurgitation (continuous-wave Doppler), RV two-dimensional clips, and tricuspid annular motion (pulsed-wave tissue Doppler) were acquired from an apical four-chamber view. Data were stored on DVD or MO disc and analyzed offline by two investigators (R. von Arx, S. Rimoldi), who were unaware of the subject identity and study site. Reported values represent the mean of at least three measurements.
RV systolic and diastolic function. RV systolic and diastolic function was assessed according to the guidelines (18, 22, 39) and as previously described (4, 31) . Briefly, end-systolic and -diastolic RV areas were manually traced from a two-dimensional echocardiographic clip (Fig. 1) , and the RV fractional area change was calculated (18) . Indexed (for body surface area) RV end-diastolic area assessed by 2D echocardiography correlates with MRI-derived RV end-diastolic volume (1). Tricuspid annular peak systolic excursion (TAPSE) was assessed by M-mode from the apical four-chamber view. TAPSE reflects the longitudinal systolic excursion of the lateral RV wall, which is closely related to RV ejection fraction and has a good predictive value in detecting patients at risk for right heart failure (16) . The intraobserver (R. von Arx) coefficient of variation for RV area measurements (n ϭ 20) was 4.3%, and the interobserver coefficient of variation (R. von Arx, S. Rimoldi) was 5.9% at low altitude and respectively 4.8 and 6.2% at high altitude.
The peak systolic velocity of the lateral tricuspid annulus (Tricuspid S=) was assessed using pulse-wave tissue Doppler tracings. Tricuspid S= has a good sensitivity and specificity in predicting systolic RV dysfunction (30) . We also assessed tricuspid annular isovolumic acceleration, a proxy of RV contractility (44) that has been shown to be relatively load independent and useful for the assessment of RV function in children (9). Regional RV strain rate (and time to strain rate peak), a measure of regional contractility with low heart rate dependency (11, 45) , was assessed using speckle tracking technology (Syngo Workplace v. 3.1; Siemens Medical Solutions, Mountain View, CA), as previously described (4) . Measurements were limited to the middle portion of the RV free wall, because this portion is particularly prone to pulmonary hypertension-induced dysfunction (14, 23) .
RV diastolic function was assessed by measuring the early (E=) and late (A=) diastolic velocities of the lateral tricuspid annulus, using the pulse-wave tissue Doppler tracings, as previously described (4, 31) .
Left ventricular structure, function, and cardiac output. Left ventricular mass index was calculated according to the cube formula, using end-diastolic values of septal and posterior wall thickness and left ventricular cavity dimension, and divided by body surface area, as previously described (2). To assess systolic left ventricular function, left ventricular ejection fraction was calculated using the modified biplane Simpson methods. Left ventricular diastolic function was assessed from the apical fourchamber view using transmitral Doppler flow velocity and mitral annular motion velocity measurements, as previously described (2, 4) .
Cardiac output was determined by measuring the diameter of the left ventricular outflow tract and the time-velocity integral of its Doppler signal. The left ventricular outflow tract diameter was measured in the parasternal long-axis view, and its surface was calculated assuming circular geometry. The stroke volume was calculated by multiplying the left ventricular outflow tract time velocity integral with the cross-sectional area. Cardiac output was then obtained by multiplying stroke volume with heart rate. We previously reported an intra-and interobserver variability of 10.7 Ϯ 10.2% and 7.2 Ϯ 4.0%, respectively, for cardiac output measurements in children at high altitude (12) . Cardiac index was obtained by dividing cardiac output by body surface area (m 2 ).
Left and right atrial area. Left (LA) and right atrial (RA) areas were assessed by planimetry in a four-chamber view at end-systole just before the mitral and the tricuspid valve opens (22) .
Pulmonary artery pressure. To estimate systolic pulmonary artery pressure, we measured the peak systolic transtricuspidal jet velocity in all possible views and calculated the RV to RA pressure gradient (RV-RA gradient) using the highest jet velocity of the qualitatively best signal, as previously described (3, 4, 12, 42) . Noninvasive estimation of pulmonary artery pressure and has been validated against invasive measurements at high altitude (3) . In 30 children at high altitude, the intra-and interobserver variability for these pressure gradient measurements was 5.1 Ϯ 4.6% and 6.0 Ϯ 8.6%, respectively (12) .
Arterial oxygen saturation. Transcutaneous arterial oxygen saturation was measured at a fingertip with a pulse oxymeter (OxiMax N-65; Nellcor, Pleasanton, CA).
Statistical analysis. Statistical analysis was performed using the GraphPad Prism 5 software package (GraphPad Software, San Diego, CA). The unpaired two-sided Student's t-test was used for comparisons of continuous variables between children conceived by ART and controls. Statistical analysis of end-diastolic RV area, RV diastolic function, and pulmonary artery pressure of the subgroup of children (n ϭ 30 controls and n ϭ 30 ART) exposed to low and high altitude was performed using a repeated-measures ANOVA (RMANOVA), with altitude and group as the factors. Post hoc testing of high-altitude values within the RMANOVA was done using the Bonferroni adjustment. For comparisons of categorical variables between children conceived by ART and control children, we used the Fischer exact test. Normal distribution of continuous variables was assessed with the D'Agostino and Pearson omnibus normality test. Relations between variables were analyzed by calculating the Pearson productmoment correlation coefficients.
Power calculation based on previously reported systolic RV function data in healthy children (4) and children born after fetal growth restriction (8) , assuming that a 1.5 cm/s difference in systolic tricuspid annular peak velocity (S=) is relevant (SD of S= 2.0 cm/s, power Ͼ 0.80; ␣ ϭ 0.05), revealed that 29 subjects per group were needed to address this aim. A P value Ͻ0.05 was considered statistically significant. Results are expressed as means Ϯ SD.
RESULTS
Participant characteristics. Gestational age and birth weight were similar and normal in the two groups (Table 1) . Age, height, weight, and body surface area as well as heart rate and systemic blood pressure were similar in children conceived by ART and control children. All continuous variables were normally distributed. Maternal smoking status and cardiovascular risk profile were comparable in the two groups.
Cardiac morphometry, function, and pulmonary artery pressure at low altitude. Left ventricular mass index and LA area were normal and comparable in children conceived by ART and control children ( Table 2 ). Systolic and diastolic left ventricular function was normal (28) and comparable in the two groups.
Similarly, RV end-diastolic and systolic area and RA area were normal and comparable between the two groups ( Fig.  2A ). Systolic and diastolic RV function (Fig. 2, B and C) parameters were also comparable in children conceived by ART and control children and within reported reference values for this age group (15, 16) . Pulmonary artery pressure was within normal limits (Ͻ24 mmHg) in all participants (25) (Fig. 2D) .
Cardiac morphometry, function, and pulmonary artery pressure at high altitude. Systolic and diastolic left ventricular function was comparable in ART and control children and similar to previously reported data in healthy children at this study altitude (Table 3 ) (4). Systolic RV function was similar in children conceived by ART and control children. RV enddiastolic area was significantly larger in children conceived by ART than in control children ( Fig. 2A) , and E= (Fig. 2B) and A= (Fig. 2C ) diastolic velocities of the lateral tricuspid annulus were significantly lower in children conceived by ART than controls. As expected (42) , pulmonary artery pressure esti- Data are expressed as means Ϯ SD. LV, left ventricular; RV, right ventricular; LVEF, LV ejection fraction; A, late (transmitral) peak flow velocity; E, early (transmitral) peak flow velocity; E', E-wave tissue Doppler velocity; A', A-wave tissue Doppler velocity; IVRT, isovolumetric relaxation time; FAC, fractional area change; TAPSE, tricuspid annular peak systolic excursion; S', systolic tricuspid annular peak velocity; IVA, isovolumic contraction acceleration; RA, right atrial. mated by the RV-RA gradient was significantly higher in children conceived by ART than in control children (Fig. 2D ). In the study population, there existed no relationship between pulmonary artery pressure and RV end-diastolic area (r ϭ 0.08, (Table 3) were comparable in children conceived by ART and control children.
DISCUSSION
ART makes up for an important (2 to 5%) part of births in industrialized countries (27) , and there is increasing evidence that the vasculature and arterial blood pressure are altered in this population (35) (36) (37) 42) . Very recently, cardiac remodeling and dysfunction during fetal and early postnatal life (43) have also been reported in offspring of ART, but there is no information on whether these problems persist later in life. Here, we found that, while at low altitude, cardiac morphometry and function was not different between children conceived by ART and control children, under the stressful condition of high-altitude-induced RV pressure overload and hypoxia, larger RV end-diastolic area and diastolic dysfunction were detectable in apparently healthy children and adolescents conceived by ART. These cardiac alterations were not related to low birth weight or prematurity that are often associated with ART and known to predispose children to cardiac dysfunction (10) .
Several recent studies have shown that fetal programming of cardiovascular disease is not limited to vascular dysfunction (12, 42) and arterial hypertension (19) but also involves the heart (8, 20, 21) . For example, fetal growth restriction results in cardiac remodeling and less efficient hearts in children (8), and preterm birth is associated with RV and left ventricular systolic dysfunction in young adults (20, 21) . The present findings indicate that ART represents a novel means by which fetal programming of cardiac dysfunction can take place. We found that, in people conceived by ART, RV dysfunction described in utero persists into adolescence and can be detected under the stressful conditions of high-altitude exposure. In children, adaptation of the pulmonary circulation to this altitude occurs within 30 to 40 h (17), suggesting that the observed cardiac alterations in children conceived by ART are sustained because they were detectable after adaptation to the ambient hypoxia. These cardiac alterations were not related to the presence of confounding pathological events during the fetal period. This is important because ART is associated with an increased prevalence of low birth weight and prematurity (10, 24, 46) , and, in the earlier study describing cardiac alterations in utero and during the first months of life (43) , it was impossible to rule out confounding effects of these pathological events in the pathogenesis of the observed cardiac dysfunction.
Taken together, these observations are consistent with the hypothesis that ART per se induces cardiac dysfunction and that a second hit (i.e., prematurity, fetal growth restriction) is not necessary to induce this problem. In line with this concept, a second hit also is not needed for ART-induced vascular dysfunction and premature vascular ageing in animals and humans (35, 42) . It remains possible, however, that a second hit may result in more severe ART-induced cardiac alterations. Further study is needed to test for this possibility.
In infants conceived by ART, cardiac remodeling and dysfunction during fetal and early postnatal life were more pronounced in the RV than the left ventricle (43) . This could be related to the increased RV workload during fetal life and/or the greater vulnerability to pressure overload of the RV (26) . We, therefore, also assessed RV function during high-altitude exposure, a maneuver known to invariably increase pulmonary artery pressure in humans and induce RV dysfunction in susceptible subjects (38, 41) . As expected, pulmonary artery pressure was significantly higher in children conceived by ART than in control children (41) , a phenomenon attributed to pulmonary endothelial dysfunction related at least in part to exaggerated oxidative stress (36, 37) . Most importantly, we found that, at high altitude, children conceived by ART showed RV dysfunction. These RV alterations in children conceived by ART do not appear to be related to the larger altitude-induced increase of pulmonary artery pressure because there existed no relationship between pulmonary artery pressure and RV morphometry and diastolic function.
The underlying mechanism of ART-induced cardiac dysfunction is not clear. In mice, ART-induced premature vascular ageing and arterial hypertension are related to epigenetic alteration of the endothelial nitric oxide (NO) synthase gene resulting in impaired vascular NO synthesis and increased oxidative stress (35) . In humans, increased oxidative stress appears also to play a pathogenic role in ART-induced pulmonary vascular dysfunction, as evidenced by normalization of oxidative stress, plasma NO, and pulmonary vascular function by antioxidant vitamins (36, 37) . There is evidence that oxidative stress facilitates cardiac dysfunction in humans and experimental animal models (37) . Further study is needed to determine whether altered redox regulation contributes to ART-induced cardiac dysfunction. Finally, RV systolic function in children conceived by ART was normal at high altitude, and the RV, by increasing its contractility, was able to maintain the stroke volume in the presence of an acute increase in afterload in all participants. In high-altitude dwellers with pulmonary vascular dysfunction and a modest increase of pulmonary artery pressure at rest, exercise induces markedly exaggerated pulmonary hypertension [particularly in the presence of a persistent foramen ovale (6) ] and rapid interstitial fluid accumulation (32) . It is tempting to speculate that, in people conceived by ART, a similar phenomenon may occur.
Limitations. We used two-dimensional echocardiographic measurements of RV area as a proxy of RV volume and remodeling. Although 2D echocardiography may be less precise than MRI or 3D echocardiographic imaging to assess RV structure, these latter methods are difficult to use under field conditions at high altitude (MRI) or necessitate large transducers (3D echocardiography), making it difficult to penetrate the small intercostal space in children. Moreover, it should be noted that 2D echo imaging quality of the RV in children is much better than in adults and that the intra-and interobserver variability of the RV assessments in the present study were small. In line with these observations, data in children with pulmonary hypertension show that conventional 2D echo indices of RV function are a valid tool to assess the risk for death or lung transplant in children with pulmonary hypertension (13) . Furthermore, data in children with repaired tetralogy of Fallot show a correlation (r ϭ 0.60) between RV end-diastolic area (normalized by body surface area) measured by 2D echo and RV end-diastolic volume assessed by MRI (1) .
The difference of RV end-diastolic area at high altitude is related to the control group RV end-diastolic area getting smaller, whereas the RV area average in the ART group remained almost unchanged compared with the low-altitude values. The comparison of RV end-diastolic areas between low and high altitude is complicated by the fact that altitude invariably induces tachycardia. We have previously shown that, during high-altitude exposure of healthy children (4), RV end-diastolic area decreases compared with low altitude because of the relative tachycardia resulting in shorter diastolic filling time. In the present study, we found that at high altitude for a similar heart rate RV end-diastolic area was significantly larger in children conceived by ART than in control children. This observation suggests relative enlargement of the RV, particularly when taking into account the presence of RV diastolic dysfunction (evidenced by a lower E= and A= velocities) that should have counteracted the enlargement.
Tissue Doppler measurements are dependent on the Doppler alignment, and the transducer position needs to be maintained parallel to the direction of maximal annular motion. Although data on diastolic function of the RV are limited in pediatric populations (9) , a recent study in children with pulmonary hypertension (29) found a good correlation between echocardiographic estimation of diastolic RV function and invasive reference measurements.
RV diastolic function is dependent on the viscoelastic properties of the RV (33) and pre-and afterload conditions. Because we did not analyze the histological or biochemical properties of the RV, we cannot exclude the possibility that differences of the viscoelastic properties of the RV contributed to diastolic dysfunction in children conceived by ART. Alter-natively, loading conditions could also influence tissue Doppler measurements. It is unlikely that the increased afterload (higher pulmonary artery pressure) in children conceived by ART played an important role because there existed no relationship between pulmonary artery pressure and diastolic parameters of the RV. Similarly, preload was also comparable in children conceived by ART and control children. Taken together, these results suggest that RV dysfunction in children conceived by ART was not related to different loading conditions.
Finally, we do not know whether the changes persist after full high-altitude adaptation and how differences in tissue Doppler measurements translate into exercise capacity because, for logistical reasons, we could not perform measurements after full high-altitude adaptation and assess exercise responses in our study.
In conclusion, we show for the first time that RV dysfunction persists in apparently healthy children and adolescents conceived by ART. These cardiac alterations appear not to be related to confounding cardiac pathogenic events during pregnancy but to ART per se.
